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Vibratio aJi noar Actuatijig DcviGOv -M ethod of Driving the Same Device, and 
iPortable InformationApirnrntii'7 TTfiingtho iSagie De^ce" 



Technical Field 

The present invention relates to electromagnetic vibrators, i.e., 
vibration linear actuating devices, a method for ddving the same devices, and 
portable information apparatuses using the same device. More particularly, 
10 it relates to a method for ddving the electromagnetic vibrator positively in a 
stable manner at an inexpensive cost. 

■ ■ i . . . ■ ■ 

Bads^ound Art 

A vibration g^erator is used as a pager in portable information 
15 apparatuses such as ceUular phones. A conventional vibration generator has 
employed a cylindrical motor equipped with an unbalancing weight. 
However, the cylindrical motor has a ceiling of beiag slimmed down, and is 
hard to be mounted onto a board by an automatic mounting machine. A coin- 
shaped motor equipped with an unbalandng weight is commercialized for 
20 . overcoming the foregoing problems; however, its vibrating direction is in 
paralld. with the printed circuit board, so that the vibration is hard to be 
sensed. A button-shaped vibration linear actuating device is proposed in 
order to generate vibrations vertical to the board; however, a greater exciting 
force cannot compatible witJi a slimmer body. A conventional vibration linear 
25 actuating device, in general, employs a push-pull driving drcuit using four 
switching elements. This is disclosed in Japanese Patent Application Non- 
examined Publication No. 2001 - 25706. 
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Fig. 15 shows a drcxiit diagram of the conventional actuating device. 
Starter 61, output controller 62, driving-pulse setter 63, and driver 64 formed 
of four switching elements Qll - Q14 coupled together into a bridge structure. 
Coil 65 of the vibration actuating device is coupled to a middle point of the 
5 bridge structure, and driver 64 drives coil 65. This actuating device has 
numbers of elements in the driving circuit, and a movement of the mover 
along a positive direction or a negative direction needs to be powered every 
time. Thus the foregoing structure needs comphcated control and consumes 
alot of power. 

10 There are other prior art disclosed in PCT International Pubhcation No. 

WO99/40673, Japanese Patent Application Non-Examined PubUcation Nos. 
2000 - 14190 and Hll - 197601. The present invention discloses a vibration 
linear actuating device, a method of driving the same device, and a portable 
information apparatus employing the same device that has a novel structure 

15 different from those prior art. _ 

Disclosure of the Invention * 

The vibration linear actuating device of the present invention 
comprises a vibrating linear actuator and a driver for driving the actuator. 
20 Thevibratinglinear actuator includes the following elements: 

a mover having a permanent magnet magnetized in a radial direction; 
a coil; 

a stator fadng the permanent magnet; and 

an elastic body for coupling the stator to the mover and for energizing 
25 the mover toward a center of the stator. 

The driver includes the following elements: 

a driving section having a switching element for powering the coil; 
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an output controller for controlling the smtching element; and 
a zero-cross detector for detecting a zero-cross point of back 
electromotive force (BEMF) generated in the coil and for outputting a zero- 
cross signal. - 
5 In this structure, the driver transmits the zero-cross signal to the 

output controller and powers the coil in one direction, thereby vibrating the 
•mover in cooperation with the elastic body. 

The present invention further discloses a method for driving the 
vibration linear actuating device as well as a portable information apparatus 
10 equipped with the vibration linear actuating device. 

liie present invention can provide a slim and highly e£&cient vibration 
linear actuating device as well as a portable information apparatus, so that 
portability of the apparatus and durability of batteries are advantageously 
improved. 
'•15 . \. 

Brief Deisciiption of the Drawings 

Fig. 1 shows a sectional view of a vibrating linear actuator in 
accordance with a first exemplary embodiment of the present invention- 
Fig. 2 is a circuit diagram of a driver in accordance with the first 
20 exemplary embodiment of the present invention- 
Fig. 3 is a cLrctdt diagram of a function for monitoring a zero-cross 
detecting signal in accordance with the first exemplary embodiment of the 
present invention. 

Fig. 4 is a timin g chart illustrating the monitoring function. 
25 Fig. 5 is a circiiit diagram of a function for re-starting the zero-cross in 

accordance with the first exemplary embodiment of the present invention. 

FLg. 6A and Fig. 6B show timing charts illustrating the re-starting 
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function. 

Pig. 7 is a flowchart of processing a signal by the driver. 
Fig. 8 shows a hardware structure of the driver. 
Fig. 9 is a timing chart illustrating the signal processing. 
5 Fig. 10 is a circuit diagram of a driver in accordance with a second 

exemplary embodiment of the present invention. 

Fig. 11 is a circuit diagram of a driver in accordance with a third 
exemplary embodiment of the present invention. 

Fig. 12 shows a timing chart illustrating an operation of the driver in 
10 accordance with the third exemplary embodiment of the present invention. 

Fig. 13 is a circuit diagram of a driver in accordance with a fourth 
exemplary embodiment of the present invention. 

Fig. 14 shows a sectional view illustrating a structure of a portable 
information apparatus in accordance with a fifth exemplary embodiment of 

15 the present invention. 

Fig. 15 shows a circuit structure of prior art. 



I i 



Preferred Embodiments of the Invention 

Exemplary embodiments of the present invention are demonstrated 
20 hereinafter with reference to the accompanying drawings. 

Exemplary Embodiment 1 

Fig. 1 shows a structure of vibrating linear actuator 1, which comprises 

the following elements: 

mover 4A including ; 
25 , . polygonal outer yoke 4; and 

permanent magnet 5 disposed inside outer yoke 4, 
stator 3A disposed inside mover 4A and including: 



W6 03/085809 PCT/JP03/042(»0 

5 ■ 

tubular inner yoke 3 having teeth at its upper and lower 
sections with a space between the upper and lower teeth; and 
coil 2 wound on inner yoke 3. 
Permanent magnet 5 is magnetized, e.g., N pole at its inner wall and S 

5 pole at its outer wall, i.e., the inner wall and the outer wall are magnetized 
unipolar respectively and different poles from each other. Inner yoke 3 and 
outer yoke 4 are formed of metalUc material made from green compact of 
magnetic powder, however; they can be formed of thin steel plates laminated 
radiaUy (thin steel plates are laminated on shaft 8 radially). 

10 Besides, inner yoke 3 and outer yoke 4 can be formed by drawing steel 

plates, cylindrical steels, ring shaped steels and the like. Furthermore, inner 
yoke 3 and outer yoke 4 tan be made of resin containing metal powders. As 
discussed above, various materials or producing methods of inner yoke 3 and 
outer yoke 4 can be considered, and this invention is not limited to the 

15 materials and the methods mentioned above- 
Inner yoke 3 has shaft 8 at its center, and shaft 8 protrudes &om a 
bottom plate of inner yoke 3. Inner yoke 3 is positioned with the protruding 
portion of shaft 8 and a recess of base 9, and rigidly mounted on base 9. A 
lower elastic body 6 is sandwiched by base 9 and inner yoke 3. Base 9 is 

20 made from heat-resistant resin of which gXass transition temperature is not 
less than 90^0. 

Elastic body 6 is formed of two thin leaf springs (an upper spring and a 
lower spring) shaped like rings. When mover 4A moves downward &om a 
balanced point, elastic body 6 moves mover 4A upward. When mover 4A 
25 moves upward from the balanced position, elastic body 6 moves mover 4A 
downward. In other words, elastic body 6 energizes mover 4A to be 
positioned at substantially the midpoint of stator 3A. 
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Coil 2 is electrically coupled to metallic land 11 extending from the 
bottom of base 9, and powered from land 11. Land 11 can be prepared on a 
top face of cover 7 instead of the bottom of base 9. 

Cover 7 covers stator 3A an4 mover 4A, and is caulked to base 9 with 
cover-cauUdng section 10 prepared to base 9. Cover 7 protecte the 
components inside of the actuator from touching other components outside the 
actuator or from damages when the actuator undergoes reflow-soldering. 
Cover 7 also helps handling of the actuator. Cover 7 is made from metal; 
however, it can be made from heat-resistant resin. 
) Actuator 1 discussed above flows the current supplied from land 11 to 

coil 2, thereby generating vibrating magnetic flux. Mover 4A vibrates 
following this vibrating magnetic flxix. 

Fig. 2 shows a basic structure of a driver that drives this ^abratulg 
linear actuator. In Fig. 2, starter 21 is shown schematicaUy as switch 21A, 
15 and it starts the actuator hke an arrival signal in a portable information 

apparatus. ] ' 

Driving section 22 is formed of the following elements: a first end of cofl 
2 is coupled to a positive electrode of circuit power-source Vcc and a second 
end thereof is coupled to a collector terminal of switching-element Q5, which 
20 is formed of NPN transistor and drives coil 2. An emitter terminal of 
switching element Q5 is coupled to the negative electrode (grounding 
potential) of the circuit power source Vcc. The second end of coil 2 is coupled 
to zero-cross detector 25 via level-shift section 24 and back dectromotLve force 
(BEMF) amphfier 23, thereby detecting a zero-cross point of the BEMF. In 
25 other wor^sv the zero-cross point of the BEMF is to detect a point where the 
ampUtude of actuator 1 becomes maximum. The signal that detects the 
maximum amplitude point is fed back to output controller 27, so Aat driving 
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section 22 works positively in a stable manner. 

An operation of the circuit shown in Fig. 2 is detailed hereinafter. 
Switch 2 lA of starter 21 is turned on, then signal H is fed into input terminal 
B of one-shot multi-vibrator 33. On the other hand, input teirminal A is in 

5 status L at the initial stage» so that its output terminal Q outputs pulses of 
level H having a set time-span. This pulse of level H runs through OR drctiit 
27B and turns on switching element Q5, and arrives at coil 2 to power it. 
One-shot m\ilti-vibrator 33 has another input terminal (not shown) to be used 
for a time-constant, and a capacitor and a resistor are coupled to this input 

10 terminal, thereby setting the time span. 

Coil 2 is powered and the actuator is started, then BEMF is generated 
from coiL 2 and fed into zero-cross detector 25 via level-shift section 24 and 
BEMF amplifier 23. Level-shift section 24 adjusts a signal level of BEMF 
waveform in response to power-source voltage Vcc, and benefits the circtiit 

15 power-source Vcc to be unified. It can set the reference voltage of BEMF 
amplifier 23 at any value, e.g., a half of Vcc to comply with the drcuit power- 
source Vcc* 

Zero-cross detector 25 compares an input &om amplifier 23 with a 
zero-cross voltage, and inverts the input with inverter elemient 25B, then 
20 outputs signal SX. 

This signal SX and a signal of level H of switch 21A are respectively fed 
into a first input terminal and a second input terminal of NAND element 32, 
which then outputs signal SX. This signal SX is fed into an input terminal of 
AND element 26 A of zero-cross detecting monitor 26 . Another input terminal 

25 of AND element is in a status of level H at the initial stage, thus AND element 

■ • ^ ■ ■ . • • • 

26A outputs signal SY on the same logic level as signal SX. 

One-shot multi-vibrator 27A of output controller 27 receives signal SY 
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at its input terminal B, and turns to level H, then its output terminal Q 
outputs pulse SA having the set time-span. One-shot multi-vibrator 27Ahas 
another iaput terininal (not shown) to be used for a time-constant, and a 
capacitor and a resistor are coupled to the input terminal, thereby setting the 
5 time span. The pulse of level H turns on switching element Q5 via OR 
element -27B, and at the same time, this pulse is fed into input terminal A of 
multi-vibrator 26B. Another input terminal B of vibrator 26B is fixed at level 
H, thus pulse SM of level L having the set time-span is tapped o£f feom output 
terminal"Q"at the falling edge Oevel H ^level L) of the input signal fed into 
10 input terminal "aT. One-shot multi-vibrator 26B has another input terminal 
(not shown) to be used for a time-constant, and a caqpacitor and a resistor are 
coupled to the input terminal, thereby setting the time span. An output of 
level L from multi-vibrator 26B is fed into AND element 26A, and signal SYis 
forcibly fixed at level L. In other words, the pulse of level L masks a read- 
15 error of a zCTO-cross pulse. (More details will be described later.) 

When zero-cross detector 25 does not output signal SX due to, e.g., a 
halt of the vibrating linear actuator, an output signal firom terminal Q of one- 
shot multi-vibrator 31 turns to level L in the set time-span firom the rising of 
the signal. This falling signal (level H -> level L) is fed as a trigger signal 
20 into input terminalAof one-shot multi-vibrator 33, which then outputs pulse 
H having the time-span set by vibrator 33, so that the actuator restarts. 

When switch 2lA of starter 2 1 is turned off, the second input terminal 
of NAND element 32 turns to level L, so that the actuator halts. 

Diode Dl of driving section 22 protects switching element Q5 when the 
25 BEMF of poil 2 becomes extraordinarily high. 

An NPN transistor is used in switching element Q5 of driving section 
22; however, a PNP tiansistor can be used instead. In this case, the emitter 
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of the PNP transistor is coupled to the positive electrode of power-source Vcc, 
and the collector is coupled to a first end of the coil, and a second end of the 
coil is coupled to the negative electrode (grounding potential) of power-source 
Vcc. This structure allows the first end of the coil to detect the zero-cross 
5 point of the BEMF. 

A function (masking function) of monitoring a zero-cross detecting 
signal is detailed with reference to Pig. 3 and Fig. 4. Fig. 3 shows the section 
of the monitoring function selected from Fig. 2 . Reference marks SB, SX, SM, 
SY, and SA represent signals of respective elements, and correspond to the 
10 waveforms in Fig.4 marked with the same reference marks. 

Waveform SB of the BEMF produced by coil 2 is shaped by zero-cross 
detector 25, and is tapped off as waveform SX. Then it is inverted by NAND 
element 32 (not shown), so that waveform SX is output; however tins wave- 
form includes error signals marked with shading in Fig. 4. Waveform SM is 
15 a mask signal generated by one-shot multi-vibrator 26B, and fed back to AND 
element 26A, thereby removing the error signals. As a result, correct zero- 
cross signal SY is obtained. This signal SY is output as signal S A by one-shot 
miilti-vibrator 27A, and then fed into switching element Q5. Signal SA is 
omitted in Fig. 4, however, signal SA becomes the same as signal SY. 
20 Next, the restarting function is detailed with reference to Figs. 5, 6A 

and 6B Fig. 5 shows the section of restarting function selected from Fig. 2. 
Figs. 6A and 6B show timing charts of zero-cross detecting signal SY and 
hold-signal SH. Fig. 6A shows a case where zero-cross signals are 
sequentially detected, and Fig. 6B shows a case where a zero-cross signal is 
25 failed to be detected. As shown in Fig. 6B, a failure of detecting the zero- 
cross fflgnal changes hold-signal SH to level L in a given time, so that multi- 
vibrator 33 produces a re-starting pulse thereby restarting the actuator. 
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Fig. 7 shows a flowcliart iUustrating the processing of signals in the 
actuating device in accordance with the first embodiment. Timer I, n/M, 
and IV are timing setters and correspond to one-shot multi-vibrators 27A, 33, 
26B, and 31 shown in Fig. 2 respectively. The flow of Fig. 7 illustrates 
5 software-wise the process in the actuating device. 

Respective timers operate as follows: Timer I determines a width of 
work pulse, so that it determines a period of powering coil 2 in respective 
cycles. Timer I starts counting at decision Yes of BEMF zero-cross and 
halts the powering at count-up. 
10 Timer n determines a width of a starter pulse, so that it detemnines a 

period of powering coil 2 at startLng. Timer n starts counting with a starter 
signal and halts the powering at count-up. 

Timer ni determines a width of a mask pulse, and istarts counting 
when timer I counts up. Tuner HI keeps masking the zero-cross 
15 determinations until it counts up. 

Timer IV determines a width of a hold pulse, and starts counting at 
decision Yes of zero-cross, and the operation returns to timer n when it 
counts up. 

Next, the flowchart shown in Fig. 7 is detailed. First, switch 2lA of 
20 starter 21 is turned on, then when drive determination and start 
determination are Yes, timer II starts working for outputting an actuator 
starter pulse. The starter pulse of which width is the time-span of timer n 
is suppHed to power coil 2, and the actuator forcibly starts driving. When 
timer n counts up, the supply of the starter pulses is turned off, so that the 
25 powering to phe coil is halted. Then the BEMF of coil 2 is monitored, and 
when zero-cross determination is Yes, the powering to coil 2 starts again, and 
both of timer I and timer IV start counting. When timer I counts up, the 
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powering to coil 2 is halted, and at the same time timer III starts counting. 
When timer III counts up,* this loop is fed back to the start signal. If zero- 
cross determination is Yes again before timer IV coimts up, the count of timer 
IV is reset. However, if timer IV cotmts up with its count being left non-reset, 

5 this loop is fed back to a istarter determining section. In other words, when 
the actuator is halted due to failure in determining a zero-cross, coil 2 is 
powered for restarting the actuator. If no starter signal is available, the 
output controller is turned off and all the timers I ~ IV are halted. 

The foregoing process can be carried out with ease using the flowchart 

10 shown in Fig. 7 by software built in a micro-processor. The hardware 
construction in such a case is shown in Fig. 8. The BEMF is fed into micro- 
processor controller 42 via analog-digital converter 41, thereby detecting the 
zero-cross of the BEMF produced by coil 2 of the actuator, and at the same time 
the switching element is driven at an optimum timing. If the BEMF 

15 undergone the A-D conversion is fed into the micro-processor, any timing other 
than the zero-cross of BEMF can be detected, so that the timing of the driving 
pulse can be controlled at any position of mover 4A. For instance, the 
maximum amplitude (either positive or negative) of the BEMF is detected, and 
the driving pulse of the actuator is output. An e^eriment proves that the 

20 driving pulse is suppUed most efficiently at this timing. 

Fig. 9 shows a timing chart illustrating a positional relation between the 
BEMF waveform and mover 4A. The zero-cross point of BEMF corresponds 
to the largest displacement point of mover 4A. The zero-cross point of BEMF 
waveform appears at the point where 1/4 cycle is delayed from the zero-cross 

25 point of mover 4A. At either one of those timings, the switching element can 
be driven. However, switching element Q5 is turned on during a period 
including the zero-cross point of mover 4A, and kinetic energy is given to 
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movex 4A when mover 4A moves at its maximum speed. Then the s-witching 
element can be driven most ^.ciently. 

As discussed above, the present invention includes a function of 
detecting a zero-cross point of BEMF of coH 2, and the powering of the coil in 
5 only one-way can excites mover 4A In other words, mover 4A can be moved 
in a positive direction by electromagnetic force obtained by powering coil 2, 
and it can be moved in a negative dii ection by repulsion or attraction of elastic 
body 6, so that less power consumption can be achieved. 

The BEMF generated from an end of coil 2 is directly used to detect a 
Id zero-cross point of the BEMF, so that additional components for the detection 
are not needed, and a simple structure can be achieved. 

Exemplary Embodiment 2 

Fig 10 shows a circuit structure of a vibration linear actuating device 
15 in accordance with the second exemplary embodiment of the present invention. 
The device used in the secoiid embodiment includes pulse-width modulator 46 
in addition to the circuit shown in Fig. 2 , so that a smaUer coil resistance is 
e3q)ected, which is particularly effective when an over current flows in turning 
on switching element Q5. Modulator 46 modulates a pulse width of a signal 
20 supplied from the output controUer as an input signal to the switching 
element, so that the actuator can be driven in a stable manner and yet the 
power consumption can be lowered. 

Exemplary Embodiment 3 
25 Fig. 11 shows a circuit structure of a vibration linear actuiating device 

in accordance with the third exemplary embodiment of the present invention. 
The device used in the third embodiment includes timing adjuster 47, formed 
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of two-stage flip-flop circuit, in addition to the circuit shown in Fig. 2. As 
shown in a timing chart of Fig. 12, switching element Q5 is turned on with a 
delay of time "t'' &om a zero-cross point of BEMF, thereby outputting an 
actuator-driving pulse at any timing delayed from a zero-cross point of BEMF. 
5 As a result, the actuator can he driven at a position close to the zero-cross 
point of mover 4A, because this point is experimentally proved ef&cient. 

Exemplary Embodiment 4 

Fig. 13 shows a circuit structure of a vibration hnear actuating device 
10 in accordance with the fourth exemplary embodiment of the present invention. 
The device used in the fourth embodiment includes phase locked loop (PUS) 48 
as a timing adjuster in addition to the circuit shown in Fig. 2, This structure 
allows generating a signal for driving the switching element Q5 at any timing 
with respect to the vibrations of mover 4A even if a resonance point of actuator 
15 1 varies with reference to a zero-cross detecting signal. 

Exemplary Embodiment 5 

A portable information apparatus, e.g., cellular phone, equipped with 
the vibrating linear actuator of the present invention, in accordance with the 

20 jfifth exemplary embodiment of the present invention is demonstrated 
hereinafter. Fig. 14 shows a sectional view illustrating the structure of the 
apparatus. Actuator 1 shown in Fig. 1 is directly mounted on apparatus 
board 51 with its shaft (shaft 8 shown in Fig. 1) kept standing verticiaUy. 

The terminal land (land 11 shown in Pig. 1) provided beneath actuator 

25 1 is directly brazed to the land provided to the upper face of board 51. Driver 
52 of actuator 1 is moxmted on board 51 together with circuit-components of 
the apparatus. Housing 53 of apparatus 50 houses battery 54 therein, and 
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battery 54 powers the apparatus circuit and driver 52. When a coil of an 
inner yoke of the actuator is powered, its magnetic field attracts or repels an 
outer yoke, and when the powering to the coil is halted, the outer yoke reacts 
to a leaf spring (elastic body). As a result, actuator 1 vibrates such that an 
5 amplitude of the vibration becomes maximum in a direction vertical to a 
surface of board 51. In the case of a cellular phone, it adopts an arrival 
signal as a starter signal for actuator 1, thereby operating actuator 1, and the 
vibrations of actuator 1 can be sensed by a user as an arrival signal vibrating 
in a maximum amplitude. 

10 

Industrial Applicability 

Powering a coil of an actuator can be controlled by on-off of a single 
switching element. A zero-cross of BEMF of the coil is detected, and the 
detection signal is fed back to an output controller, so that a circuit of a driver 
15 is simplified. As a result, the driver operates positively in a stable manner, 
and can work with less power consumption. 

A major system of drive-control of the actuator can be controlled with 
ease by a micro-processor, so that a vibration hnear actuating device can be 
further downsized. 

20 A slimmed down and highly ef&cient vibration linear actuating device 

and a portable information apparatus equipped with this device can be 
provided. Therefore, portability of the apparatus and durabihty of batteries 
can be improved. 



